A symmetry-based, nondisplacive mechanism for the first-order B3 B1 phase transition exhibited by many binary semiconductors is proposed. Using a single-molecule R3m unit cell, the energetic and dynamical features of the transformation are disclosed along a transition path characterized by the internal coordinate, the lattice constant, and the rhombohedral angle. First-principles calculations on the wide-gap semiconductor ZnO are performed to illustrate the attainments of the proposed mechanism. Computed potential energy surfaces and Bader analysis of the electronic density are used to describe the atomic rearrangements, the energy profile along the transition coordinate, and the effects of the external pressure on this profile. The geometry and energy of the transition state are determined, and the bonding details of the transformation identified. The proposed mechanism explains the change in coordination from 4 (B3) to 6 (B1), the less covalent Zn-O bond in the B1 structure, and the transformation of ZnO from a direct-gap (B3) to an indirect-gap (B1) material.
A theoretical formulation of the mechanisms of solidsolid transformations is currently demanded in various areas of condensed-matter physics. The microscopic mechanism and the domain growth ͑many times treated by phenomenological models͒ 1, 2 are the essential ingredients of the global kinetic description of the transition. Whereas most of the experimental and computational investigations performed on phase transitions are mainly concerned with the thermodynamics and the ͑phenomenological͒ kinetic aspects of the process, few works consider the microscopic details of the atomic displacements from a general theoretical perspective. 3, 4 At the experimental front, Knudson and Gupta 5 have lately reported a method that gives mechanistic information from picosecond time-resolved electronic spectroscopy. Coupled with ab initio calculations, the observed real-time changes in the electronic spectra have been used to propose an intermediate state during the shock-induced wurtzite-rocksalt transition in CdS. 6 More recently, Wickham et al. have shown that shape changes determined by x-ray diffraction can provide the microscopic details of the four-fold to six-fold coordinated transformation in CdSe nanocrystals. 7 The computational approach is very appealing in this field, given the difficulties of the experimental elucidation of phase transition mechanisms. 5, 8, 9 Particularly fruitful could be to express the ab initio modeling of a polymorphic phase transition in the language of theoretical chemical kinetics, i.e., as the concerted movement of the nuclei of the system on a high-dimensional adiabatic potential energy surface, usually called the transition configuration space. 3 The firstprinciples determination of this surface and the analysis of the topology of the electronic density permits the characterization of the energy profile of the transition, the type of atomic displacements, and the variations in chemical bonding and electron band structure accompanying the transformation. These theoretical results can be compared with phenomenological kinetic data, such as hysteresis cycles and activation energies, and can provide a useful test-bed for future experimental developments.
In this work, we present a microscopic description of the transition between the B3 ͑zinc-blende-like͒ phase and the B1 ͑sodium-chloride-like͒ phase, a transformation exhibited by many III-V and II-VI semiconductors of technological interest. The assignment of the transition path is based on crystallographic and symmetry arguments. Its performance is examined by computing the atomic displacements, the electronic density maps, the nature of the chemical bond, and the We define the mechanism for a phase transition as the description of the displacements of all nuclei in the system along a particular transition path ͑TP͒. Periodicity must be retained in order to make the reconstruction of the crystal feasible at any point of the TP. The unit cell does not need to be the standard cell of the initial or final phases: it may contain less molecules ͑if the standard cells are not primitive͒ or more ͑if two or more standard cells merge together͒. In fact, several models based on single-molecule or multimolecule TP cells can account for all periodically symmetric mechanisms. 3 Furthermore, in order to ensure the compatibility of the atomic positions along the TP with those in the initial and final structures, the mechanism must show the spatial symmetry of a group, 4 called the TP group, that must be a subgroup or a supergroup of the groups of the initial and final phases. In addition, the atomic positions at the limit structures must correspond to particular selections of the free coordinates in the TP unit cell. In this way, any unrestricted cell parameter of the TP group plus the free coordinates in its occupied Wyckoff positions can change along the TP.
The B3 and B1 phases belong to the space groups F4 3m and Fm3 m, respectively. The highest-symmetry common subgroup leading to a single-molecule mechanism, R3m, is chosen to describe the path. 19 The mechanism considered here is best viewed by using the rhombohedral unit cell, which is also the primitive ͑single-molecule͒ one for the B3 and B1 phases. In this cell, the three required free parameters are aϭbϭc, ␣ϭ␤ϭ␥, and the position of one of the atoms xϭyϭz ͑0.25 in B3 and 0.50 in B1). The other atom is at the origin.
Although ␣ϭ60°in both B3 and B1 polymorphs, the rhombohedral angle should be included in the mechanism attending to symmetry and energetic arguments. To show this, we consider P1 deformations of the single-molecule R3m cell using the whole 9-parameter (a, b, c, ␣, ␤, ␥, x, y, z) configuration space. A careful analysis of the symmetry of the 9-parameter energy Hessian on the B3 phase shows that, in all principal directions, the three sets ͕a͖, ͕x͖, and ͕␣͖ are coupled with each other, whereas in the B1 phase the coupling is only between the ͕a͖ and ͕␣͖ sets, being the internal positions independent variables ͑see Ref. 10͒. The B3 coupling reveals that there are three nondegenerate directions ͑with aϭbϭc, ␣ϭ␤ϭ␥, and xϭyϭz) leading to R3m symmetry, and three double-degenerate directions of larger curvature leading to lower symmetries. Therefore, we assume that the phase transition starts along the lowerenergy, nondegenerate directions and we include ␣ as a free variable in the TP.
The pϭ0 stable phase of our model system ZnO is B4 rather than B3, but both structures are energetically and structurally very similar. Both share a common nearest-and next-nearest-neighbors structure, and their Madelung constants differ by less than 0.2%. At ambient conditions, thin films of ZnO can be prepared in the B3 phase. These circumstances make reasonable the use of ZnO as a model for the B3 B1 transition. Moreover, a recent joint experimental/computational work on ZnO ͑Ref. 10͒ has correctly described the polymorphism of this material using the same computational approach adopted here. In that work, the transition was observed to begin at 10 GPa and to be completed at 15 GPa. The detected metastability of the B1 phase at zero pressure was also confirmed by theoretical calculations. 10 The good agreement between computed and measured lattice parameters, transition pressure data, and zero-pressure bulk moduli supports the present computational approach.
The ZnO potential energy surface was computed as a function of a, ␣, and x, on a mesh of 994 points distributed over the transition path. All-electron 11 calculations were performed through the DFT facilities of CRYSTAL95, 12 using the Becke exchange 13 and the Perdew-Wang correlation 14 generalized gradient functionals. We used a 8ϫ8ϫ8 Monkhorst grid for the reciprocal space integration.
The ␣ϭ60°aϪx plane of the potential energy is shown in Fig. 1 . We can see that there is an energy barrier between
FIG. 2.
Gibbs energy profiles along the transition path for ZnO at Pϭ0, 8 (Ӎ P tr ), and 12 GPa. The curve with solid squares is for the fixed-␣ (ϭ60°) transition path at P tr . The inset shows the variation of ␣ with respect to a at P tr .
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PRB 62 BLANCO, RECIO, COSTALES, AND PANDEY the two minima at xϭ0.25 (B3) and xϭ0.50 (B1), which already explains the existence of the hysteresis. 10 A more detailed examination of the global E(a,␣,x) surface near the B3 and B1 equilibrium geometries reveals, however, that a path of lower energy can be obtained if the angle ␣ is free to relax from 60°, as suggested by the coupling of the Hessian eigenvectors. We can conclude that x can be taken as the transition coordinate. Then, a and ␣ are the additional degrees of freedom used to determine the lowest-energy path.
We have characterized the TP by a set of 11 equally spaced values of x from 0.25 to 0.50. At each point we have optimized a and ␣ using the nonequilibrium static Gibbs function G*(a,␣,x; P)ϭE(a,␣,x)ϩ PV(a,␣), at different pressures. The TP at the computed thermodynamic transition pressure ( P tr Ӎ8 GPa) is shown in the inset of Fig. 2 . The figure shows a first part of the TP in which ␣ increases and a decreases followed by a region of decreasing ␣ and increasing a near the B1 phase. We see that ␣ clearly differs from 60°for intermediate values of x, becoming close to 70°a t xϭ0.35. Figure 2 also shows the Gibbs function profile along the TP for Pϭ0, Pϭ P tr , and Pϭ12 GPa, together with the high energy, fixed-␣, P tr profile. We see that G(B1) ϭG(B3) at P tr , as it should be, G(B3)ϽG(B1) for P Ͻ P tr , and G(B3)ϾG(B1) for PϾ P tr . Energetic and structural data characterizing the transition state ( ‡) are given in Table I . This state is a first-order saddle point having the highest energy along the TP. At P tr , it is located at x ‡ ϭ0.380, very close to the middle point (xϭ0.375) of the range of x. The rhombohedral angle ␣ ‡ is 68.14°, and a ‡ ϭ2.954 Å. A qualitatively similar picture is found at other pressures. It appears that ␣ ‡ is the most sensitive parameter to the applied pressure. The energy barrier is about 37 kJ/mol for Pϭ P tr but only 27 kJ/mol for Pϭ15 GPa, when the experimental direct transition phase is complete. This barrier is slightly lower than that computed for the inverse transition at zero pressure, in accordance with the metastability found for this phase. We also notice that the energy barrier of the fixed-␣ TP at P tr increases to 52 kJ/mol.
To gain more insight in the transition mechanism, we now study the variation of interatomic distances with x along the transition path at P tr . First, we classify the oxygen atoms as O1, O2, and O3 as shown in the inset of Fig. 3 . We then plot the interatomic distances versus x in Fig. 3 . A noticeable feature is the nearly constant distance between Zn and O2 along the path. This feature correlates with the opening of the ␣ angle of the cell during the transition. Since the Zn atom moves from a tetrahedral to an octahedral hole of the fcc structure, it must cross the O2 triangle marked on the inset unit cell of Fig. 3 , experiencing strong short-range repulsive forces. This repulsion can be overcome by either enlarging a at ␣ϭ60°or by opening ␣ and shortening a along the transition path. As discussed above, the latter case allows the Zn atom to cross the O2 triangle with a relatively lower energy barrier. Moreover, this crossing occurs at x ϭ1/3, which coincides with the highest angle opening and also roughly with the location of the energy maximum along the transition path. Finally, when the Zn atom reaches the octahedral hole, the angle closes to 60°, with a small increase of the Zn-O2 distance at about xϭ0.45. These geometrical arguments explain very well the existence of the energy barrier for the transition. Figure 3 also shows the evolution of the bonding structure during the transition. The ͑0,0,0͒ O1 atom changes from being a first neighbor of Zn in B3 to be a third neighbor in B1, whereas the three ͑1,1,0͒ O3 atoms, which are third neighbors in the B3 phase, change to first neighbors in B1. Along with the O2 atoms, O3 atoms complete the sixfold coordination to Zn in B1. For intermediate states in the transition, Fig. 3 informs of elongated bonds between the Zn and the O1 and O3 neighbors, in addition to the bonding to the O2 triangle.
This sevenfold coordination is also confirmed by the analysis of the topology of the electron density in the light of the atoms in molecules ͑AIM͒ theory. [15] [16] [17] At P tr , we find bond critical points between the Zn nucleus and the three O2 nuclei ͑which are identified as bonds in the AIM language͒ for all the geometries. Besides, the bond with the ͑0,0,0͒ O1 exists in the range x͓0.25,0.425͔, with distances up to 2.92 Å, whereas the three bonds with the ͑1,1,0͒ O3 exist in the range x͓0.35,0.5͔, with distances smaller than 2.87 Å. Therefore, the Zn-O1 bond of the B3 phase is still maintained when Zn begins to form the bonds to O3 atoms of the B1 phase. It is indeed remarkable that the Zn-O1 and Zn-O3 bonds coexist in the x͓0.35,0.425͔ interval, where a is small, ␣ is large ͑see the four leftmost points on the inset of Fig. 2͒ , and R͑Zn-O1͒ and R͑Zn-O2͒ are smaller than R͑O1-O2͒ ͑Fig. 3͒. Thus, the calculated results predict the existence of a high-energy configuration with seven-fold coordination for x͓0.35,0.425͔, between the fourfold (B3-like͒ and sixfold (B1-like͒ configurations.
According to the AIM analysis at Pϭ P tr in the B3 phase, the Zn atomic basin occupies 45% of the cell volume and its charge is about 1.22 e. Also, the Laplacian of the electronic density at the Zn-O bond critical point is positive (0.42 e/bohr 5 ). These results are consistent with a partially ionic bonding picture. 15 The phase transition occurs with a volume reduction. The computed Zn and O atomic volumes decrease along the TP but the percentage occupied by each atom is almost constant, with a negligible variation near the B1 structure. The atomic charges are the same, within the integration error (Ӎ0.005 e), throughout the TP, increasing only to the B1 value 1.28 e at the end of the TP. Thus, the sixfold coordinated B1 structure is more ionic than the fourfold coordinated B3 phase, the change appearing when the Zn atom begins to separate from the O2 triangle.
Finally, we briefly report on the main change observed in the band structure of ZnO during the B3-B1 transformation. ZnO shows a direct gap at ⌫ in the B3 phase. In the B1 phase, the bottom of the conduction band remains at ⌫, but the top of the valence band increases at L and decreases at ⌫, making the gap to be indirect. As discussed previously, 18 the switching of the valence band maximum is a consequence of the combination of O-2p and Zn-3d states. Although the p-d mixing is possible throughout the Brillouin zone in the B3 phase, the octahedral point symmetry in B1 does not allow the mixing at ⌫, although it is allowed elsewhere in the zone. This results in the upward repulsion of the upper valence bands away from ⌫ in the B1 phase of ZnO. Along the transition path, the difference in the upper valence band energy at ⌫ and Z ͑equivalent to L in the cubic phases͒ decreases smoothly. The crossover occurs in the later steps of the transition (xϭ0.40), when the appearance of the B1-like bonding structure is detected.
In conclusion, we would like to remark that the symmetry arguments used to define the B3-B1 transition mechanism have a general character and can be applied to the description of the atomic displacements in other nondisplacive first-order structural transformations. For ZnO, our calculations suggest a sevenfold coordinated configuration connecting the B3 and B1 phases at the transition state. The indirect nature of the band gap and the more ionic character of the bonding in the B1 structure are linked each other, and manifested once the sixfold coordinated structure emerges. This behavior can be further explored in similar semiconductors by means of the recent experimental developments.
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